Abstract. The integration of binocular disparity, shading, and texture was measured for two different aspects of three-dimensional structure: (1) shape index, which is a measure of scaleindependent structure, and (2) curvedness, which is a measure of scale-dependent structure. Binocular disparity was found to contribute significantly more to judged shape index than it does to judged curvedness, and shading and texture were both found to contribute more to judged curvedness than to judged shape index. These results demonstrate that different cues do not contribute equally to different aspects of perceived surface structure. This finding suggests that, for the case of linear integration, multiple cues to three-dimensional structure do not combine on the basis of a single type of representation shared by all the 'shape-from-X' processes in the visual system.
Introduction
Many distinct sources of optical information specify the three-dimensional (3-D) shape of objects and surfaces in our environment. Consequently, researchers over the past decade have begun examining how the visual system combines different types of cues to arrive at a perception of 3-D structure. These studies have included such combinations as motion, occlusion, and relative size (Bruno and Cutting 1988) , binocular disparity and motion (Rogers and Collett 1989; Tittle and Braunstein 1993; E B Johnston et al 1994; Tittle et al 1995) , disparity and shading (Bulthoff and Mallott 1988; Norman et al 1995) , and disparity and texture (Stevens et al 1991; Buckley and Frisby 1993) . As this partial list shows, many different combinations of cues have been studied. However, one important aspect of this integration of multiple cues has not received much attention: what information about 3-D shape is being integrated. Most studies have been based on the working assumption that local depth estimates are being combined from the various cues [see Cutting and Vishton (1995) , Norman et al (1995) , and Stevens (1995) for notable exceptions], but depth is only one of many possible representations of 3-D structure.
The problem is that we do not have uniform agreement in the literature about what it means to perceive the 3-D shape of an object or surface (for example, 'shape' could refer to depth, orientation, curvature, or some combination of properties). Therefore, before we can fully understand the integration of multiple cues we need to know what properties of 3-D structure are being integrated. Distinguishing between these possibilities is particularly important when considering the different types of optical information that specify 3-D shape. For example, theoretical analyses demonstrate that while relative depth can in principle be recovered directly from binocular disparities (Mayhew and Longuet-Higgins 1982) or motion (Ullman 1979) , it is less likely that this information is recovered directly from shading (Koenderink and van Doom 1980; Horn and Brooks 1989) or texture (Gibson 1950; Witkin 1981) .
Recent empirical studies of perceived shape from disparity, texture, and shading also support the idea that these sources do not directly provide relative depth. McKee et al (1990) have demonstrated that depth discriminations from binocular disparity are relatively imprecise as stimuli move away from the horopter. Furthermore, Norman and Todd (1996) have reported that the variability of judged depth is greater than that of orientation, while A Johnston and Passmore (1994b) found that the variability of judged orientation is in turn greater than that of curvature. The finding that observers' perceived local 3-D shape becomes less variable as one measures higher-order surface structure suggests that their responses were not based on a depth map. Thus, for disparity, texture, and shading it seems quite possible that the visual system recovers relative slant or curvature without first computing local depth. Because of this uncertainty about the information specified by 3-D cues, a full understanding of local-shape perception must entail not only a description of those properties represented by the visual system, but also the degree to which each is specified by the various optical sources of information. The purpose of the experiments presented here was to begin this process by examining the integration of two aspects of 3-D shape from binocular disparity, texture, and shading: scale-independent and scale-dependent surface structure.
Some specific examples of local 3-D surface properties can be seen by considering a two-parameter family of quadric surfaces of the form z(x,y) = \{K X X 2 + K 2 y 2 ),
where z is depth along the line of sight, x and y represent coordinates in the image plane, and K 1 and K 2 are the parameters whose values determine the specific quadric surface being represented. Such surfaces have traditionally been described by using quantitative measures of each local region on the surface. The three local measures most commonly mentioned have been (i) depth, (ii) orientation, and (iii) curvature. The set of points (x, y, z) satisfying equation (1) provide the most basic description of a surface, and are commonly referred to as a depth map. Although such a representation may be sufficient to perform many visual tasks its primary drawback is that it lacks viewpoint independence (cf Mamassian et al 1996) . Another problem with the depth map stems from results showing extensive anisotropics in the perception of orientation (Gillam et al 1988) and curvature (Rogers and Graham 1983) . Such anisotropics are not observed in subjects' depth judgments and thus are not adequately explained by a depth map. By considering the first spatial derivative of the depth map one obtains a representation based not on local depth but rather on local surface orientation. The surface normal (n) describes how quickly depth changes along any particular direction on the surface. Although the surface normal provides a translation-invariant representation of 3-D structure, the value of the normal is not invariant under arbitrary rotation. Thus, it is still viewpoint or coordinate-system dependent.
By measuring the rate at which orientation changes in a particular direction along a smoothly curved surface (ie its second-order surface structure) we can obtain a local surface property that is not coordinate-system dependent (Kreyszig 1959) . Specifically, for any point on a smooth nonplanar surface there will always be one direction in which the curvature reaches a maximum (fc max ) and an orthogonal direction in which the curvature reaches a minimum (?c min ). For the surface described by equation (1), the curvatures along the x-axis and jy-axis are given by At the origin these are the directions of the principal curvatures, and from equations (2) and (3) it can be seen that their magnitudes are simply the parameters /c, and K 2 .
The principal curvatures K max and fc min provide a coordinate-system-independent description of the second-order structure of a quadric surface, but they still have certain properties that seem to be inconsistent with our perceptual experience. For example, on the basis of our perceptual ability to simultaneously perceive both scale-independent (eg spherical vs cylindrical) and scale-dependent (eg magnitude-of-curvature) aspects of shape, it would be desirable to have shape descriptors that independently represent these attributes. Koenderink (1990) has recently proposed two such measures of local 3-D structure: shape index and curvedness. These measures are based on a polar coordinate transformation of K max and K min space to separate out their scale-independent (shape-index) and scale-dependent (curvedness) components. The shape index and curvedness are local measures of surface structure which would normally vary widely across natural surfaces. However, because these measures are relatively constant across the class of quadric surfaces we will consider throughout the rest of the paper that the shape index and curvedness of a surface at the origin will be used as global measures of 3-D form. The shape index (S) provides a one-dimensional description of shape independent of the magnitude of curvature:
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Variations in the scale-dependent surface structure are referred to as the local curvedness (C):
Several recent studies have examined the perception of local scale-independent surface structure. The evidence from studies involving binocular stereopsis (de Vries et al 1993 ), motion (van Damme et al 1994 , and shading (Mamassian et al 1996) is consistent with the idea that human observers can accurately judge shape index independently of variations in curvedness. However, it is worth noting that Erens et al (1993) have reported that human observers could not discriminate local shape index from Lambertian-shaded quadric surfaces. Despite the ambiguity regarding shape from shading, these results suggest to us that scale-independent (eg shape-index) and scaledependent (eg curvedness) aspects of local surface structure play an important role in the perception of 3-D form, and in the experiments to follow we will seek to determine their influence on the integration of multiple cues.
We have argued that when studying integration of multiple cues an important issue is the extent to which different optical sources contribute to different aspects of 3-D structure. Some recent evidence on shape perception from binocular stereopsis and motion indicates that there are important differences in the aspects of surface structure specified by these sources. Perotti et al (1995) found differences between structure from motion and binocular stereopsis when they performed stereo matches of motiondefined surfaces simulating different shape-index and curvedness values. They observed a very high correlation between simulated and matched shape index, but a much lower correlation between simulated and matched curvedness. In addition, measured the relative contribution of motion and binocular disparity in a cueconflict paradigm and found a similar pattern of results: (i) motion contributed more to judged shape index than to curvedness, and (ii) binocular disparity contributed more to judged curvedness than to shape index.
These results indicate that the relative contribution of motion and stereo depends upon whether one is measuring scale-independent or scale-dependent aspects of surface structure. Such findings are not only interesting for the specific case of perceived shape from motion and stereo, but also have important implications for general models of 3-D-shape perception from multiple cues. Specifically, they suggest that the visual system might have multiple parallel cue integrations which coincide with different surface representations. Thus, it is important to determine if other sources of 3-D shape exhibit the disassociation between scale-independent and scale-dependent 3-D structure that we observed for binocular stereopsis and structure from motion. To determine if this finding is indicative of other static sources of 3-D shape we measured observers' perceived shape index and curvedness for displays with conflicting binocular disparity, shading, and texture.
2 General method 2.1 Subjects The first three authors (JST, JFN, and VJP) and one additional experienced psychophysical observer (JTT) participated in all three experiments.
Apparatus and stimuli
Our stimuli were generated and presented on a Silicon Graphics Crimson VGXT workstation. The physical resolution of this system was 1280 x 1024 pixels, but with antialiasing we were able to increase the effective resolution by a factor of 10. The left and right views of our binocular stereograms were presented with an LCD shuttered system (Stereographies-Crystal eyes) that was synchronized to the monitor refresh rate (120 Hz). The results of direct photometric measurement and a psychophysical flicker-photometry procedure revealed that the leakage of light from the red, green, and blue channels of the display monitor into the inappropriate image in a stereo pair was 1.4%, 3.8%, and 4.0%, respectively. At our maximum luminance (20.7 cd m" 2 as measured through the LCD stereoglasses) this led to a leakage of approximately 0.05 cd m -2 for the red, 0.53 cd m~2 for the green, and 0.08 cd m -2 for the blue channel. Our observers viewed the stimuli in a darkened room seated 114.6 cm away from the monitor with their head stabilized in a chin rest.
All stimuli used in our experiments were quadric surfaces satisfying equation (1). These surfaces varied only in the specific values of the parameters K 1 and K 2 , and on each trial these values were chosen by solving equations (5) and (6) for a particular shape index and curvedness. For the set of experiments described here the shape index varied in five steps between 0.0 and 1.0, and the curvedness in five steps between 0.75 and 1.75 cm"
1 . The twenty-five shapes generated from the combination of five shapeindex and five curvedness values can be seen in figure 1 .
The quadic surfaces were covered with approximately 144 circular texture elements arranged in a grid pattern on the surface. However, all of these texture elements were not visible because we presented a circular cutout of the surface with diameter 8 deg visual angle to eliminate any occluding contour shape cues. The surface background color was generated by using only the blue channel of the monitor (dominant wavelength equal to 467 nm) and the circular texture elements were generated by using only the red channel (dominant wavelength equal to 623 nm). The texture elements subtended a visual angle of 0.64 deg 2 when they were projected as full circles in the image. Of course, this only happened when the surface normal at the center of the element was coincident with the line of sight. We will describe below how the projected images of the texture elements were computed for any surface-normal orientation.
The texture cue in our displays was created on the basis of the assumption that elements were lying in the tangent plane defined at the center of the circular element. This approximation leads to textures in the image that will be elliptical in shape. The eccentricity and orientation of these projected ellipses is a function of only the surface normal (see appendix), and the projected size of the element is a function of its distance from the observer. However, because the depth range of our surfaces was small (approximately 8 cm) relative to the viewing distance (114.6 cm) almost all of the texture variation is due to changes in the normal as one moves across the surface. This should not pose any particular problem, because studies of perceived shape from texture have indicated that almost all of the perception of curved surfaces can be accounted for by the component related to the orientation of the surface normal (Cutting and Millard 1984; Todd and Akerstrom 1987; .
The second cue we used to simulate our quadric surfaces was shading with specular highlights. Specifically, the intensity of each vertex in the polygon mesh which defined our surface was specified by the Phong illumination model (Foley et al 1990) . Gouraud shading (vertex intensity interpolation) was then used to define the intensity at each location in the image.
Earlier we described how the texture deformation in the image was based on the assumption that the elements were lying in the tangent plane of the surface. However, in the final display they were mapped back onto the binocular-disparity-defined surface (see appendix). This enabled us to generate textures that simulated one quadric surface and binocular disparities that simulated another. Binocular disparities were created by presenting separate views to the left and right eyes on the basis of an interocular separation of 6.25 cm and a viewing distance of 114.6 cm. Examples of conflicting binocular disparity, texture, and shading defined quadric surfaces can be seen in figures 2 and 3.
These cue-conflict quadric surfaces were created by independently choosing the appropriate z-coordinates for the stereo-defined surface, and then independently choosing the appropriate normals for both the texture-defmed and the shading-defined surface. To simultaneously depict these three surfaces we then computed the binocular disparity of texture elements on the basis of (x, y, z disparity ), the texture deformation on the basis of using w t e X ture m the texture equations described in the appendix, and n sh&ding to compute local image intensity in the illumination model. 
Procedure
The paradigm we used required the observers to match the perceived 3-D structure of the display with stereo -texture -shading conflict with an adjustable display with consistent stereo, texture, and shading. However, we wanted to be sure that observers could not simply match two-dimensional (2-D) features between the two displays. Thus, our displays with consistent stereo, texture, and shading differed from the conflict displays in a number of important ways. First, we replaced the circle textures with a blue -red Julesz random-dot texture. This was done so that observers would not make their judgments by matching the local shape of texture elements between the conflict and consistent displays. Second, we randomly varied the position of the light source and removed the specular component for the consistent displays. This precaution was taken so that observers would not be able to respond by simply matching the 2-D intensity pattern across the two displays. Last, to help ensure that observers were not matching the relative disparities around the edge of the display, we replaced the smooth circular cutout of the surface with a randomly computed jagged edge. The results of these changes can be seen in figure 4 . In all of our experiments the observers' task was to adjust the principal curvatures (K { and K 2 ) of the display with consistent stereo, texture, and shading until it appeared to match the perceived 3-D structure of the conflict display. 3 Experiment 1: Judged shape index from binocular disparity, texture, and shading In the first experiment we presented observers with quadric surface displays in which stereo, texture, and shading all simulated the same curvedness (one of the five values from figure 2) but different shape-index values. The perception of shape index has been studied for stereo (de Vries et al 1993) and shading (Erens et al 1993) in isolation, and the results from these studies suggest that shading will contribute little to judged shape index. There have been no previous studies of shape from texture that have specifically looked at scale-independent surface structure, but results from Todd and Akerstrom (1987) and E B Johnston et al (1994) would seem to indicate that texture will at least provide a significant contribution to judged curvedness. The purpose of this first experiment was to measure the relative contribution of stereo, texture, and shading to judged shape index and then compare this with the judgments of curvedness that were obtained in experiment 2.
3.1 Procedure Each of our four observers judged the perceived 3-D structure of 200 quadric surface patches. These stimuli were chosen from random combinations of the twenty-five canonical shapes shown in figure 2. The three sources had the same curvedness on each trial, between 0.75 cm -1 and 1.75 cm" 1 , but the shape index simulated by each source was randomly chosen from the five values between 0.0 and 1.0. Thus, at the beginning of each trial a curvedness value (corresponding to one of the rows in figure 1) was randomly chosen and then each of the three sources was independently assigned a shape-index value corresponding to one of the columns in that row. Example stimuli in which binocular disparity simulates one shape index and texture and shading simulate another can be seen in figure 3 .
At the beginning of each trial the conflict stimulus would appear, and the subject's task was to judge the curvature along the two principal directions. This judgment was performed by matching the conflict stimulus to a surface display with consistent stereo, texture, and shading such as those portrayed in figure 4. Observers were allowed to toggle back and forth between the two displays and adjust principal curvatures (fCj and K 2 ) of the matching stimulus until a satisfactory match was achieved.
Results and discussion
\ In this experiment observers judged the principal curvatures of conflict displays in which stereo, texture, and shading all simulated the same curvedness, but different shape-index values. From the adjusted K X and K 2 values recorded on each trial we computed the observers' shape-index judgment by using equation (5). To measure the relative contribution of each source to the observers' final judgment we then performed a multiple linear regression analysis on our observers' judged shape index as a function of the simulated stereo, texture, and shading shape index. Specifically we fit each observer's data to the simple linear model:
where Sj udged equals the observers' judged shape index computed from the adjusted K X and K 2 , and S si , S t , and S sh are the shape-index values simulated by binocular disparity, texture, and shading, respectively. Last, to provide a measure of the contribution of each source to the final judgment, we obtained estimates of W st , W t , and W sh , which are the weights assigned to stereo, texture, and shading, respectively. The results of the multiple linear regression analysis can be seen in table 1. The multiple-i? 2 values in the left column indicate that the linear model provided an excellent fit of our observers' shape-index judgments. Such a result supports theories of cue integration based on a weighted linear combination (Landy et al 1995) . However, we have previously found evidence for significant nonlinearities in cue integration for near-threshold tasks .
The data in table 1 also show that, while all three sources contribute to judged shape index, the weight assigned to the binocular-disparity information is much larger than that obtained for the other two cues. This result is consistent with previous studies involving the integration of binocular disparity with either shading (Bulthoff and Mallott 1988) or texture (E B Johnston et al 1993). Although it does appear that stereo dominated texture and shading in specifying shape index our primary interest is to compare the relative contribution of each source to shape index and curvedness. Thus, in experiment 2 we measured perceived 3-D structure for stereo -texture -shading displays in which the three sources simulated different curvedness values.
4 Experiment 2: Judged curvedness from binocular disparity, texture, and shading 4.1 Procedure The task in this experiment was identical to that used in experiment 1: observers judged the 3-D structure of 200 quadric surfaces by adjusting the principal curvatures of a cue-consistent matching display. The only difference between this and the previous experiment was the set of cue-conflict stimuli viewed by our observers. Unlike in the first experiment, we now used displays in which disparity, texture, and shading simulated the same shape index but conflicted with regard to curvedness. Thus, on each trial a shape index was chosen from one of the five columns in figure 1 and that value was assigned to all three cues. Next we randomly assigned a curvedness to disparity, texture, and shading from amongst the values shown in the five rows in figure 1 . As in the first experiment, observers matched the perceived 3-D structure of the conflict stimulus by adjusting the principal curvatures of a display with consistent disparity, texture, and shading.
Because the disparity, texture, and shading information differed only in terms of curvedness for this experiment, we computed judged curvedness from the K X and K 2 adjustments of each observer by using equation (5). The weights associated with each source of optical information were then estimated by using a multiple regression analysis to fit observers' responses to the curvedness version of the linear model described by equation (6). From table 2 we can again see that this linear model provides a very good fit of the data. Note: standard errors appear in parentheses.
As in experiment 1, the weights assigned to stereo are uniformly larger than those assigned to the other two sources. However, in this case the difference between disparity, texture, and shading seems to be less than that observed for perceived shape index. However, the weights in tables 1 and 2 are in different units, so to make direct comparisons across experiments they must be normalized. Therefore, in figure 5 we have plotted the weights estimated from experiments 1 and 2 based on a z-score transformation of the shape-index and curvedness values. For all observers a clear pattern emerges from the standardized regression coefficients shown in figure 5: binocular stereopsis contributes significantly more to judged shape index than to judged curvedness, whereas both texture and shading contribute more to judged curvedness than to shape index. These data indicate that the integration of disparity, texture, and shading significantly varies according to whether one measures scale-independent or scale-dependent information about surface structure. Such a finding would be difficult to explain if integration occurred on the basis of a common depth-map representation derived from all 3-D-shape cues. However, before we discuss this result in relation to previous studies of perceived shape from individual depth cues, we must be certain that the difference between experiments 1 and 2 did not occur because of the different stimulus sets used in the two experiments. Because the cues in the first experiment differed only in terms of curvedness and those in the second only in terms of shape index, it is possible that our results simply reflect a response bias induced by differential sensitivity to these two aspects of 3-D structure. This possibility will be examined in the third experiment.
Experiment 3: Judged shape index and curvedness from disparity, texture, and shading
The results from experiments 1 and 2 indicate that the integration of disparity, texture, and shading depends upon the specific aspect of surface structure measured. However, in each experiment the stimulus set varied on different attributes, and thus these results may be attributable to response bias. To account for this possibility, in the third experiment the disparity, texture, and shading cues simultaneously differed in both simulated shape index and curvedness. Varying the cues on both dimensions simultaneously also allowed us to examine other parameterizations of the stimulus space that do not preserve the distinction between scale-independent and scale-dependent surface structure (eg Gaussian curvature and mean curvature).
Procedure
The procedure was identical to that used in the first two experiments, except that the disparity, texture, and shading cues differed in terms of both shape index and curvedness. To accomplish this, on each trial the surfaces depicted by disparity, texture, and shading were randomly assigned from one of the twenty-five shapes depicted in figure 1.
Results and discussion
By using equations (5) and (6) we computed the judged shape index and curvedness for each trial. Separate regression analyses were then performed on these transformed K X and K 2 judgments. Tables 3 and 4 contain the results of these analyses for shape index and curvedness, respectively. Again we can see that the linear model provided an excellent fit of the data. Furthermore, as in the first two experiments, binocular disparity contributed more to judged 3-D structure than either texture or shading.
To again allow for direct comparisons between the integration of shape index and curvedness we have plotted the standardized regression coefficients in figure 6. We can see from these data that the relative contributions of disparity, texture, and shading were comparable to those obtained in the first two experiments: binocular disparity contributes significantly more to judged shape index than to curvedness, and texture Figure 6 . Bar graphs showing the standardized regression coefficients of binocular disparity (stereo), texture, and shading for judged shape index and judged curvedness computed from the principal curvature adjustments obtained in experiment 3. Error bars represent the 95% confidence interval of the regression coefficient.
and shading contribute more to judged curvedness than to shape index. Because these weights were computed from the same stimuli and on the same trials, we can conclude that the differences between the contributions of stereo, texture, and shading were not due to any bias caused by the stimulus sets. We have found a disassociation between the relative contributions of three optical sources in the perception of scale-independent (shape index) and scale-dependent (curvedness) surface structure, but would we expect to find a similar result for other parameterizations of our stimuli? Of course, there are an infinite number of 2-D parameterizations of the local second-order structure of our quadric patches, but not all of these preserve the scale-independent and scale-dependent distinction. We would argue that it is this distinction rather than shape index and curvedness per se that is important in understanding the perception of 3-D structure. One way to examine the importance of the scale-independent and scale-dependent surface structure is to reanalyze the data presented in figure 6 by using a parameterization of the surface that does not separate out these two surface properties. One particularly well-known representation of local surface structure that can be directly computed from the principal curvatures is provided by the Gaussian curvature (K) and the mean curvature (H):
Although Gaussian and mean curvature completely specify the local second-order structure of a smooth surface, they do not separate out the scale-independent aspects of surface structure. Consequently, if our previous results were due to a difference between the integration of scale-independent and scale-dependent structure, we would expect to see a different pattern of relative contribution from that shown in figures 5 and 6. The standardized regression coefficients resulting from an analysis of the K X and K 2 responses transformed by equations (7) and (8) can be seen in figure 7 .
The data from figure 7 show the general trend for stereo to contribute more than either texture or shading to observers' judgments, but we do not see the pattern of relative contribution viewed previously: the standardized regression coefficients for our three cues do not significantly differ between Gaussian curvature and mean curvature. On the basis of this result we would now argue that the distinction between scaleindependent and scale-dependent seems to be perceptually relevant and an important factor in the integration of multiple 3-D-shape cues. Figure 7 . Bar graphs showing the standardized regression coefficients of motion and stereo for judged Gaussian curvature, and adjusted mean curvature. Gaussian curvature and mean curvature were computed from the observers' adjusted K X and K 2 . Error bars represent the 95% confidence interval of the regression coefficient.
General discussion
Understanding how the visual system combines the various optical cues to 3-D structure is an important part of a complete theory of the perception of 3-D form. One aspect of this problem that has been relatively ignored relates to the specific type of structural information the different cues might contribute to our final conscious percept. We have examined the integration of binocular disparity, texture, and shading as a function of scale-independent (shape index) and scale-dependent (curvedness) surface properties. These two representations were initially chosen because they are based upon coordinate-system-independent aspects of 3-D form (ie K { and K 2 ). Another reason why we specifically examined the role of scale-dependent and scale-independent information in cue integration was because previous studies indicated that these properties may not be equally specified, within the human visual system, by motion and binocular stereopsis . The results of the three experiments reported here also indicate that the integration of multiple 3-D-shape cues significantly varies as a function of the specific surface property being measured. This should not be taken to mean that we are arguing that shape index and curvedness have some special perceptual status. Instead we interpret the mean-curvature and Gaussian-curvature analysis in experiment 3 to indicate that the visual system is sensitive to both scale-dependent and scale-independent components of surface structure, but shape index and curvedness simply represent one particular coordinate system that preserves these properties. It is also important to note that, although the specific measures we used in these experiments (ie shape index and curvedness) are computed locally, it would be impossible to infer from the data presented here that observers are explicitly sensitive to local scaleindependent and scale-dependent surface structure. Recent results (Phillips and Todd 1996) show that observers' ability to accurately discriminate local surface structure significantly deteriorates if the visible surface region is restricted to 2 deg or less. However, because our task was in essence a global surface match, our data are certainly consistent with the idea that the human visual system is sensitive to global scale-dependent and scale-independent surface structure.
In all three experiments our observers produced the same pattern of results: binocular stereopsis contributed more to judgments of shape index than of curvedness, whereas shading and texture contributed more to judgments of curvedness than of shape index. Considered within the context of computational analyses of shape from stereopsis, texture, and shading these data may seem somewhat paradoxical. Typical theoretical results have suggested that, whereas binocular stereopsis can provide observers with veridical scale-dependent information such as depth (eg Mayhew and Longuet-Higgins 1982) , both shading (eg Koenderirik and van Doom 1980; Horn and Brooks 1989) and texture (eg Witkin 1981; Aloimonos 1988 ) only provide scale-independent information such as local orientation.
On the basis of this theoretical perspective, one would expect that texture and shading should have contributed more to our scale-independent (shape-index) measure than to our scale-dependent (curvedness) measure. However, there are several reasons why our data do not conform to this interpretation. First, the basic phenomenology associated with texture or shading stimuli is not consistent with the idea that we see a one-parameter family of surfaces. Rather observers commonly report seeing a specific surface even when the stimulus only contains shading or texture to define 3-D form. This basic observation implies that our visual system uses some form of heuristic or default scaling to arrive at a unique perceptual interpretation. Furthermore there is no reason a priori that the same estimate of distance used to scale binocular disparities (ie convergence angle or vertical disparities) could not also be used to scale texture and shading. Second, although the majority of computational analyses of shape from shading and texture demonstrate how one could only recover scale-independent information, there are notable exceptions which explicitly relate scale-dependent surface structure to texture and shading information. Pentland (1989) has shown that one can recover depth, up to a scale factor, from only shading information. Further counter examples exist for the case of shape from texture. Specifically, Stevens (1981) has demonstrated that one could compute local depth on the basis of a measure of the characteristic dimension of a surface texture, and Garding (1992) has shown that the projective distortion of surface textures can specify surface curvature up to a scale factor (ie the perceived distance to the surface). This second group of computational analyses is consistent with a number of psychophysical studies that have provided evidence that human observers can judge scale-dependent properties of surfaces from either shading and texture (eg Passmore 1994a, 1994b) or texture alone (eg Cutting and Millard 1984; Todd and Akerstrom 1987; Cumming et al 1993; . Consequently, we consider it plausible that our observers were using some heuristic process to scale the shading and texture information such that these two sources significantly contributed to judged curvedness even in the presence of conflicting binocular-disparity information.
Although some of the manipulations of individual cues presented here have not been examined previously (eg there have been no empirical studies of perceived shape index from texture), several studies of perceived shape from disparity, texture, and shading provide some insight into why we obtained the particular pattern of integration noted above. Recent studies of single 3-D cues have examined the perception of shape index and curvedness from both binocular disparity (deVries et al 1993) and shading (Erens et al 1993; Mamassian et al 1996) . Using quadric surfaces simulated by random-dot stereograms, deVries et al (1993) found very high accuracy for both judged shape index and judged curvedness. These results are perfectly consistent with those reported here. We found that binocular stereopsis contributed more than shading and texture for both shape index and curvedness.
The ability of observers to perceive shape index from shading is not as obvious as the results reported for binocular stereopsis. Erens et al (1993) found no evidence that observers could reliably judge shape index on the basis of Lambertian-shaded quadric surfaces, but Mamassian et al (1996) obtained a high degree of accuracy when they required observers to classify regions on a solid object as either elliptic or hyperbolic. The data from our study seem to fall somewhere in between these two earlier shading results. We found that shading provided a statistically significant contribution to judged shape and curvedness, but the magnitude was considerably less than that resulting from stereo and texture. One important difference between the stimulus conditions used by Mamassian et al (1996) and those used both by us and Erens et al (1993) concerns the presence of a self-occluding contour. Because Mamassian et al (1996) simulated a solid 3-D object, their displays had visible self-occluding contours which have been shown to provide important context for the perception of shape from shading (Todd and Reichel 1989) . We used quadric surface patches such as those studied by Erens et al (1993) which do not have self-occluding contours. Thus, we would expect a greater contribution of shading to judged shape from stimuli with visible occluding contours, but that remains an issue for future research.
It is a little more difficult to compare our results with earlier research regarding perceived 3-D structure from conflicting cues because these studies all considered only scale-dependent variations of 3-D shape. However, to the extent that our stimulus conditions overlap with those of previous researchers we find general agreement between their findings and those reported here. The first study to examine shape from conflicting shading and stereo displays was conducted by Biilthoff and Mallott (1988) . They found that edge-based stereo contributes significantly more to observers' depth judgments than either shading alone or disparate shading (the difference between the smooth shading patterns in the two eyes). The stimulus manipulations made by Bulthoff and Mallott (1988) were the equivalent of curvedness variations in our paradigm. Thus, their finding that shading provides a significant but small contribution to judged depth is consistent with the results reported here for our curvedness conditions. Binocular stereopsis has also been found to dominate but not veto judged depth when placed in conflict with texture. E B Johnston et al (1993) examined the judged depth of cylindrical surfaces in which the depth-to-height ratio specified by texture and stereo were in conflict. These experiments are the equivalent of our curvedness manipulations for cylindrical surfaces (shape index = 0.5) as shown in figure 1. As we have reported here, they found that stereo did not simply veto the texture cue, but instead the combination could be described by a weighted linear model. For all of their stimulus conditions E B Johnston et al (1993) also reported that stereo had a significantly greater weight than texture. Perhaps the most interesting aspect of their experiment is that the weight assigned to texture increased as the viewing distance was increased. As E B Johnston et al (1993) noted, this implies that as scaling information becomes weaker the texture cues begin to contribute more to the judged percept. We would argue that a similar phenomenon occurs for scale-dependent versus scale-independent components of surface structure.
Up to this point we have described how binocular disparity, texture, and shading contribute to judged 3-D structure. However, these data are also useful when considering the more general issue regarding the plausibility of certain classes of shape-integration models. We believe they are particularly relevant to the question of what type of information is being integrated from the various sources of optical information. Current theories of cue integration are based upon the assumption that there is a single common representation shared by all sources before they are integrated (Biilthoff and Yuille 1991; Cutting and Vishton 1995; Landy et al 1995) . A common choice for this representation is the depth map, but this representation does not easily allow the integration of ordinal cues such as occlusion which have been shown to play an important role in the integration of multiple depth cues (Braunstein et al 1986) . Cutting and Vishton (1995) have suggested that one way to get around this difficulty is to first compute an ordinal representation of depth from all available sources. However, we would argue that, regardless of the nature of the representation, our data seem to be inconsistent with any model which assumes that all cues contribute to a single representation.
If we consider an integration model that assumes a common initial representation, it can be seen that certain inconsistencies with the data reported here result. If we assume that the final integration is linear, a supposition consistent with our data on the basis of the high R 2 values shown in tables 1-3, the relative contributions of binocular stereopsis, texture, and shading are determined by the 3-D weight vector Wt> ^t^ ^sh)-Such an assumption is consistent with the results reported here, because after integrating our three cues to get a depth map we can simply compute local curvedness and shape index as shown in equations (3)-(6). However, if we consider the relative contribution of binocular disparity, texture, and shading to these computed shape-index and curvedness values a problem arises. If these measures are computed from the same depth map, it follows that they should each have the same weight vector (FF st , W t , W sh ) which describes the relative contribution of binocular disparity, texture, and shading. We did not find evidence to support this prediction because the relative contribution or weight of each of our three sources was significantly different for shape index and curvedness.
As an alternative to the class of models that assume a single initial representation we would argue that our data are more consistent with an approach in which the processing of each cue results in multiple outputs (eg depth, curvedness, and shape index). In this view the depth map is no longer a special first step in the computational process but rather just another possible local representation. Therefore, the difficulty from predicting the same weight vector for the curvedness and shape-index values does not occur. Such models can easily accommodate a unique weight vector for each of the local 3-D properties being computed: such as depth (Z> st , Z) t ,Z> sh ), curvedness (C st ,C t , C sh ), or shape index (S st ,S t ,S sh ).
The preceding discussion depended in part upon the assumption of comparable scaling for perceived binocular stereopsis, texture, and shading. Although we did not test this assumption explicitly, we will now consider how our interpretation of the weight values would change if the scaling of the three cues was not approximately equal. If one considers the quadric surface specified in equation (1), it can be seen that the values K X and K 2 could be scaled unequally for binocular disparity (c st ), texture (d t ), and shading (<7 sh ). If it were the case that <r st = a t = <r sh , we could interpret the weights shown in figures 5 and 6 as the relative contributions of binocular disparity, texture, and shading to judged curvedness and shape index.
The most important consequence of differences between the scaling of these cues occurs because one of our measurements of 3-D structure is scale independent (shape index) and the other is scale dependent (curvedness). It can be shown that scale plays no role in specifying the local shape index because taking the ratio of the principal curvatures K X and K 2 , as shown in equation (4), cancels out the scale applied to each principal curvature. Thus, it turns out that the weights for the curvedness judgments are scale dependent, but the weights obtained for shape-index judgments are not. The consequences of this can be seen by considering two new variables which equal the relative contribution of disparity and texture to shape index (R s = W sXS /W iS ) and curvedness (R c = W %tc /W xC \ where W stS and W ts equal the weights for the stereo and texture contribution to judged shape index, and W stc and W iC equal the weights for the stereo and texture contribution to judged curvedness (as shown in figures 5 and 6). Because R s is scale dependent and R c is not, we would expect the following simple relation to hold if the relative contribution of stereo and texture were actually the same for shape index and curvedness: R s = R c (a st /a t ). In experiment 3, the average value of the scaling of disparity relative to texture (o" st /o-t ) would have to equal approximately 3.7 in order for the contribution of stereo and motion (R s and R c ) to be equal for judgments of shape index and curvedness. Consequently, from our data alone we can not rule out the possibility that the weight differences shown in figures 5 and 6 resulted from unequal scaling of binocular disparity, texture, and shading.
Although it may be possible to achieve different relative contributions from a single initial-representation model, we would remind the reader of the recent results by Passmore (1994a, 1994b) and Norman and Todd (1996) strongly suggesting that observers do not directly recover local depth from surfaces specified by disparity, shading, and texture. Further confirmation of these findings comes from Koenderink and van Doom (1995) , who have reported that observers can not accurately compare depths of widely separated surface regions but they can accurately compare orientations of widely separated regions. At the very least, these studies and the data reported here indicate that the depth map is not a viable representation upon which to base the integration of multiple 3-D-shape cues. The type of representational framework that may more effectively account for data such as those presented here has been proposed recently by Stevens (1995) and involves a five-dimensional shape space containing both intrinsic (eg local-curvature) and extrinsic (eg local-orientation) properties of surfaces.
